Micro computed tomography (µCT) follows the same principle of computed-tomography used for patients, however providing higher-resolution. Using a non-destructive approach, samples can be scanned, and each section obtained is used to build a volume using tridimensional reconstruction. For bone analysis, it is possible to obtain information about the tissue's microarchitecture and composition. According to the characteristics of the bone sample (e.g. human or animal origin, long or irregular shape, epiphysis or diaphysis region) the pre-scanning parameters must be defined. The resolution (i.e. voxel size) should be chosen taking into account the features that will be evaluated, and the necessity to identify inner structures (e.g. bone channels and osteocyte lacunae). The region of interest should be delimited, and the threshold that defines the bone tissue set in order to proceed with binarization to separate the voxels representing bone from the other structures (channels, resorption areas, and medullary space). Cancellous bone is evaluated by means of the trabeculae characteristics and their connectivity. The cortex is evaluated in relation to the thickness and porosity. Bone mineral density can also be measured, by the amount of hydroxyapatite. Other parameters such as structure-modelindex, anisotropy, and fractal dimension can be assessed. In conclusion, intrinsic and extrinsic determinants of bone quality can be assessed by µCT. In dentistry, this method can be used for evaluating bone loss, alterations in bone metabolism, or the effects of using drugs that impair bone remodeling, and also to assess the success rate of bone repair or surgical procedures.
Introduction
Micro-computed tomography (µCT) follows the basic principles of medical computed tomography in which the sample is placed in the path of an x-ray beam forming a projection image on the scintillator or other x-raysensitive detector array (1) . The sample is rotated and imaged at a large number of angles, and the sequence of projection images is "back-projected" to reconstruct the x-ray absorption at each point within the scanned volume (1, 2) . The µCT is currently used to evaluate bone morphometric characteristics as the complimentary alternative of conventional histological analysis (2) , when considering a tridimensional volume of the sample over two-dimensional histological sections. Using µCT allows a more representative analysis in the whole sample extension, being the most advantage compared to histology analysis, although, it should be emphasized that histology remains as the most indicated method to evaluate cells, proteins and composition.
The µCT as non-destructive method provides 3D information without destroying the sample, allowing its inner reconstruction by radiographic image sections. The same sample can later be prepared for histologic analysis, generating complementary information of the same tissue areas. In addition, using µCT it is possible to measure bone quality based on other parameters such as mineral properties. Also, microarchitecture analyzed in a representative bone volume will assess distinct sites, and not just on the few sections provided in histology methods (3) .
µCT and HR-pQCT (high-resolution peripheral quantitative computed tomography system) are nowadays the most useful high-resolution imaging of trabecular and cortical bone ultrastructure (4) . The µCT equipment's are available for in vivo and in vitro imaging for bone analysis. µCT has been widely used in medicine and dentistry fields to assess the bone quality defined by several structural parameters, making possible to evaluate the repair and regeneration of the bone tissue in animal and human samples (5) . A large number of studies have used µCT in order to identify alterations and changes due to systemic diseases and conditions (e.g. osteoporosis, osteoarthritis, hypercalcemia, diabetes, etc) and also metabolic diseases and their respective treatment (e.g. anti-resorptive treatment, corticoids, etc) (6) . High correlations and excellent agreement between conventional histomorphometry and µCT data have been demonstrated (7) .
At the largest length scales, two types of bone structure are evidenced: trabecular and cortical bone. Trabecular or cancellous bone micro-architecture shows a porous network with small filaments inter-woven which results in higher porosity (80%-85%) comparing to cortical area (2-5%) (7, 8) . Trabecular bone can be 10 times thinner than the cortical structure. High resolution images are necessary to analyze trabecular portions, particularly in rodent models, which can exhibit 0.2 mm of thickness in healthy mice (9) . Cortical bone should be evaluated concerning structure by CT methods, and possible alterations on cortex structure are relevant to bone strength. If the cortex is thick, images of low resolution may be sufficient for analysis, however, if the cortices are thin, measurement of the morphological features could be a challenge (10) .
Bone quality involves bone mass, structural properties: geometry, macro and micro-architecture, and tissue properties: modulus of elasticity, mineral density, collagen quality, cell and marrow behavior (11) . Mechanical and biological behavior of bone tissue play important role in clinical practice, especially for evaluating distinct systemic and local conditions (diseases, therapies or lesions). This property can also contribute to better understanding of bone regenerative procedures, such as: alveolar ridge and maxillary sinus augmentation procedures, bone repair and fracture healing (12) , surgical reconstruction and rehabilitation, and implant osseointegration (13) . µCT has shown to be the most indicated technique for assessment of the bone mass and morphology in animal models (3) . In addition, particularly in dentistry, this method is extremely useful to the study of human jaw bone tissue associated with different conditions and diseases, also to assess the changes when the bone is evolved by lesions or submitted to surgical procedures (14) (15) (16) .
Before starting a µCT analysis, it is important to previously define all the crucial parameters to answer the study question. Variables in the analysis should be considered, including: type of the sample (i.e. bone site, size, thickness); sample preparation (not allowing dryness, excessive heating, mimicking the surrounding tissues as muscles); the next step of the assessment (histological processing, mechanical tests); the necessary resolution (different equipment, in vivo or in vitro condition, influence on binarization process), and at last the parameters to be evaluated (e.g. considering separated analysis of cortical and cancellous bone, bone repair, etc). Therefore, the aim of the present study was to review and discuss the equipment, sample preparation, scanning parameters, and analysis methods applied to bone tissue evaluation in dentistry using µCT-based methodology.
Review of Literature

Before Image Acquisition
Sample Preparation
For bone tissue analyses, the sample preparation and the stabilization of the sample holder inside the µCT unit should be standardized. Some systems have an open platform to fit the sample, so it is important to make sure that the entire sample fit this space and remain inside the field of view during the whole scanning (in 180° or 360° rotation). Otherwise, the image has to be reconstructed locally reducing image quality (17) . Sample preparation will vary according to the type of specimen, however mostly samples are excised, and then the soft tissue may be removed. Moreover, specimens can be aligned with the vertical or horizontal axis of the unit, in this case the vertical positioning is more adequate. Horizontal placement is compromised with a slightly reduced image quality due to beam-hardening along and perpendicular to the long bone. No relative displacement is desirable during the measurement; if the sample changes the initial positioning during the scan, motion artifacts may appear (3) .
The µCT scanning of bone tissue can be done by maintaining the sample in liquid or air environment. However, if quantitative measurements of tissue mineral density are required, is recommended to scan in a liquid medium. Changes in medullary density can happen if the bone is dehydrated. Scans can take 10 to 11 hours, to avoid sample dehydration and shrinkage during scanning is recommended to scan samples inside liquid-filled tubes. The operator needs to assure all specimens are scanned in the same type and volume of the medium. Saline, ethanol, and neutral buffered formalin medium have been used for bone storage medium during µCT scanning (18) . If the specimens are stored in ethanol, they should be rehydrated in saline solution (0.9%) by overnight immersion or over a weekend before scanning. Bone samples also can be harvested without chemical fixation and store frozen at -20°C immersed in saline inside a tube or wrapped in saline-soaked gauze (19) . The bone samples can also be fixed and stored in the phosphate-buffered saline (PBS). However, attention should be given in cases of long term storage in PBS, because partial change to acetic acid may occur, leading to bone demineralization (20) . To avoid air bubbles formation, all these liquids should be inserted using a syringe (3). To maintain normal hydration of bone during scanning, the specimens can be wrapped in paper tissue, inserted into a tube and then, moister the paper with water or saline solution to avoid dehydration during scanning (20) . If the sample will follow for histology after µCT scan, first it should be fixed (usually in paraformaldehyde), and during the scan it should be kept in a saline or buffered solution. In cases of biomechanical tests and µCT performed in the same sample, for example, the sample should not be fixed and maintained frozen until scan.
Scanning and Quantitative Assessment
Image Acquisition and Image Resolution
Before scan, some parameters should be defined in order to have better quality in the images that will be reconstructed. Besides resolution and pixel size, the operator should define the use of filters. Aluminum or copper filters are used in order to reduce beam-hardening artifacts (3) . By experience, the most used filter for bone evaluation is the aluminum with 0.5 mm.
Concerning resolution, the pixel size chosen will define the voxel size in the following step, i.e the tridimensional reconstruction. Voxel unit from µCT is denominated as isotropic voxels because it has all three equal dimensions. The resolution chosen for a µCT volume has strong influence on the results of cortical and trabecular bone analysis if the voxel size is not compatible with the structures size (21) . This influence is not relevant when thick trabecula is analyzed, such as human sample (100 to 200 mm). However, results from small structures (20 to 60 mm), like rodent's trabeculae, can be affected by voxel size resolution (7, 22) . Three-dimensional reconstructions of serial sections led to a new understanding of the branching patterns and remodeling processes of the cortex (2) . The relation between voxel size and scanning time should also be considered. Scanning small and highly details structures with low resolution (>100 µm) can underestimate bone mineral density and overestimate sample thickness (3). Ideally, the smallest voxel size available should be used in order to obtain the highest amount of detail possible. However, resolution is time dependent, and high-resolution scanning (small voxel size) results on longer acquisition and reconstruction time, and large data sets. If μCT scanning is performed on live animals (i.e. in vivo) for long time, the high dose of radiation might become relevant and threaten the animal's health state (23) .
When the ratio between voxel size and sample size decreases, in general, the measurement error is minimized. Thus, the ratio should be lower for more accurate µCT performance (3) . Using the μCT evaluation based on nominal voxel sizes of 6, 10, 15, 20, and 30 μm there was a strong effect on the results of several commonly reported trabecular bone parameters in mice vertebral body trabecular bone (23) . Since mice trabecular dimension is approximately 30 μm, scanning with larger voxel sizes can result on results which are poorly accurate. The trabecular bone structure outcomes are significantly affected by μCT scanning voxel size and by the global segmentation method (i.e. thresholding) used to separate bone from non-bone (23) . Therefore, it is recommended that high-resolution scans should be used whenever possible to provide the most accurate estimation of trabecular bone microstructure.
Regions of Interest: Cortical and Trabecular Bone
To determine the region of interest (ROI) of a sample it is important to define the interest landmarks, the contoured region of interest, and the size. The starting point should be known anatomical sites (i.e. landmarks), such as the proximal tibial plateau, the metaphyseal growth plate or another appropriate anatomic site in animal samples. For human samples, distinct characteristics should be considered, meaning differences between maxilla and mandible. According with the study question, the region analyzed in animal models should rely on the criteria: a) will cortical and cancellous bone be analyzed?; b) in studies of bone repair, the created lesion will be performed within the epiphysis or the diaphysis?; and for human studies, the criteria should follow similar questions: a) is it important to analyze cortical and cancellous bone separately?; b) should larger samples be segmented in smaller pieces?; c) is there standardization among the samples?; and just after these definitions, together with the criteria about the scanning phase (resolution, scanning time, sample preparation), the region of interest should be defined. The ROI size should be defined as the distance from the start point until the end of the defined region, set by number of sections to be scanned, based on the defined voxel size (3). The area and volume of the bone to be analyzed will depend on the type of study. To analyze trabecular bone in rats or mice, the metaphyseal region of long bones is mostly located a few millimeters adjacent to the metaphyseal growth plate. If the volume of interest is out of this region, more medullar areas are included reducing the mean value for the ratio bone volume/total volume. Thus, relevant differences between study groups can be masked (24) . For the cortices, usually is selected diaphysis region, for the measurements of the cortical area, mean cortical thickness and total bone. For bone repair and regenerative procedures, the area should contain the whole lesion, in order to assess the new bone formation (Fig. 1 ).
3D Reconstruction
A volume image obtained from µCT consists of a stack of cross sections reconstructed according to the axis of rotation of the unit's gantry. The reconstruction software usually generate voxels that are isotropic, and the voxel dimensions are automatically calculated with the same accuracy as the imaging system's calibration (1). The bonetissue reconstruction allows the identification the specimen section by section. Then it is possible to analyze the whole volume by the delimitation of the region of interest (ROI), including cortical and cancellous bone (Fig. 2) . In X-ray microtomography, image information from a voxel with a very small physical size should be detected and the right choice of parameters for noise reduction becomes very important in the reconstruction step.
During reconstruction, the software usually allows to work on histogram, and also, to perform corrections such as: smoothing, ring artifacts reduction and beam-hardening correction. The use of this tools enable to a more accurate 3D volume for analysis and noise reduction, however, they could increase the time of the reconstruction step.
Choosing the More Appropriated Parameters: What is the Study Question?
The parameters evaluated should answer the major study questions, so the acquired data will provide information for the major deliverables of the project. The use of µCT evaluation should be able to represent the structural organization (microarchitecture) and the bone composition (mineral density defined by X-ray absorption). Using three-dimensional imaging techniques like µCT, more complete information of bone microarchitecture became available, and it is already known that the complexity of the microarchitecture will have an important influence on the mechanical competence of bone (25) . Bone strength analysis relies on the evaluation of intrinsic (mineral and collagen quality, presence of microcracks) and extrinsic determinants (geometry, bone mass and mineral density, macro, and microarchitecture) (11) . The µCT method will provide crucial information on some of these determinants. The identification of changes in these determinants will aid to understand the influence of structure and composition on strength, toughness and stiffness of bone.
In human or animal bone, is possible to assess bone quality features by means of µCT with the use of X-rays. It is necessary to keep in mind what are the best parameters in cortical and cancellous bone that could differentiate two different conditions (i.e disease versus control). In addition, it should be possible to characterize different phases and the evolution of the specific situation in the study, such as in the cases of bone repair evaluation, fracture healing or osseointegration of the biomaterial or implant.
Binary Selection: Choosing the Threshold
An image is mathematically represented by a matrix of numbers, which contains a numerical value correspondent to the intensity value or pixel depth. Each image matrix element contains a numerical value that corresponds to the image intensity value or pixel depth (26) . In µCT imaging, these intensities are often presented within a 8-bit grayscale, in 256 levels of gray, varying from 0 to 255. When proceeding binary selection, it means the process to convert the X-ray image acquired, and which is present in 256 levels of gray, to only two "colors": one including and the other excluding the evaluation tissue. To perform such step, the definition of a threshold which separates what is and what is not tissue, is rather important. Choosing two thresholds (upper and lower), defining a range of what to be considered as bone, will enable to differentiate the bone from the holes (non-bone material), in order to use the numeral values obtained from each region to make the measurements. The question is whether the automatic segmentation from bone and non-bone parts within the image could compromise the final evaluation. The use of a global threshold refers to the use an automatic, easy and non-time consuming way to separate and differentiate the bone, however, careful should be taken in attention to this automated process. Problems such as noise, resolution limitations, and beamhardening will be critical in the segmentation of the original reconstructed grayscale data sets to separate bone from non-bone. Inappropriate segmentation method will reduce the potential power of µCT and may introduce bias in the architectural measurements (27) .
There is no consensus on a threshold that could be used for all studies, and extreme care must be taken in the definition of the best threshold (3). For instance, selecting a global threshold in studies where bone mineralization may not be constant (e.g. during bone repair) or when there are extreme ranges of bone volume fraction among groups, and one unique value is not adequate. In dentistry, using human or animal bone, the threshold should be defined taking into account the type, site, and inherent bone characteristics. It is necessary to distinguish the evaluation of cortical and trabecular bone separately. Also, when the region of interest includes bone repair or healing (i.e. the region of a created lesion for bone repair evaluation, the site of osseointegration of the implant or biomaterial, or the tooth extraction area - Fig. 3 ), should also be delimited and separated from the other parts included in the field of irradiation. The ability to measure cortical and trabecular bone density and architecture separately with highresolution methods has enabled to better understand the changes that occur with age, diseases, differences between sexes and races, and the effects of drug treatment (28) .
Cortical Bone Evaluation
Evaluation of the cortices should assess initially two important parameters: thickness (Ct.Th) and porosity (Ct.Po). The optimum resolution chosen is that one which allows the identification of the bone channels, including even the smaller ones. To assess cortical porosity in humans it should be known that the bone channels vary according to the site, age and systemic condition. In long bones they have a mean diameter of about 60 µm in aged women (29) . In animals, for adult rats we found a mean diameter of 7 µm and for rabbits around 15 µm (unpublished data). The threshold should delimitate the bone matrix separated from the holes to make possible to reach the intracortical porosity by means of calculation of all pixels that do not correspond to bone tissue. By porosity, it is also possible to assess the differentiation between the open and closed porosity. When the open porosity is chosen, it will take into account the open channels on the surfaces included in the ROI. On the other hand, the closed porosity will be related just to the intracortical porosity, by means of that only closed pores (channels) will be considered in the analysis. Besides thickness and porosity, the µCT software also allows identifying other characteristics, such as: bone surface area (Ct.BS), which in this case is related to all pixels on the contour of all channels within the region of interest. Additionally, other features, like the percent of bone volume, meaning the inverse counting of pixels compared to the porosity are also possible to obtain. It should be emphasized that the majority of the studies had focused on the trabecular bone for the evaluation of bone fragility; however, the cortex is the major dictator on this characteristic (10). Non-vertebral fractures occur predominantly at cortical sites and most of bone loss occurs by intracortical remodeling, that cavitates the cortex producing porosity, being more important in these cases the assessment of cortex than trabecular bone (10).
Cancellous Bone Evaluation
The trabeculae or "trabecular" bone is the primary anatomical and functional unit of cancellous bone, with high turnover rates compared with the cortical bone. In the prediction of bone strength, measurements of trabecular density and trabecular microstructure should be combined and performed in combination with cortical evaluation. Trabecular bone morphometry depends on the measurement of the bone volume (BV) and also on the characteristics of the trabeculae including: the trabecular number (Tb.N) calculated as the average number of trabeculae per unit length; the trabecular thickness (Tb.Th) as the mean thickness of trabeculae; and the trabecular separation (Tb.Sp) as the mean distance between trabeculae. By means of algorithms included in the analysis software, it is also possible to measure the connectivity density (Conn.D), as one measurement that gives information on the trabeculae degree of connectivity and the structure model index (SMI). SMI is an indicator of the trabeculae format, being the ones with the value more close to 0 related to the parallel ones, and a value more close to 3 meaning more cylindrical rods shape of the trabeculae (3). In osteoporosis for example, there is a conversion of plates into rods (6) . Besides these parameters, others also could be measured as the bone surface density, but the majority of the studies in the literature focused on the ones previous mentioned.
Additional Analysis and "Unthresholded" Methods
Additional measurements using µCT are available through developed algorithms in order to assess architecture parameters and features do not associated with the classical analysis. The spatial organization of the cortical and trabecular bone gives additional information how these tissues are structured and the influence on their mechanical properties. The texture analysis enables to reach improvements in bone microarchitectural evaluation from low resolution images (e.g. radiographs, Dual-energy X-ray absorptiometry -DXA) or add a new mathematical way to measure structure parameters, based on the size, shape and distribution of elements within the tissue. Some parameters of the texture analysis are included in the conventional µCT software's, and others can be acquired using plugins and download free software's, like Image J (NIH). This analysis evaluates local variations in gray levels, the degree of complexity, given by numerical values as how a structure fills up the space; and quantifies the emptiness, by an indicator of the degree of gap distribution over a certain surface (30, 31) . The most used additional analysis on µCT are the degree of anisotropy, fractal dimension, and lacunarity, disposable in the evaluation software, except for the lacunarity.
Emphasizing anisotropy measurement, the degree of anisotropy gives information on the orientation of trabeculae in space. A preferential orientation of the trabecular plates observed along the direction of the strains exerted on bone is related to high anisotropy (6) . Concerning the cortex, cortical structure follows a preferential orientation and hierarchical arrangement, inducing strong anisotropy (32) .
The Fractal Dimension (FD) is another parameter that may be extracted by µCT analysis. This parameter indicates how much an object occupies its underlying metric space, meaning that is a measure that characterizes how much an object occupies the space that contains it (31) . The fractal geometry analysis has been used for describing irregular patterns with self-similarity at different scales, for example, it has been used to characterize the microstructure of porous media within the cortical bone (33) . Fractal geometry analysis of cancellous bone identifies architectural features not easily recognized by conventional bone histomorphometric (34) . A decrease in fractal dimension was already evidenced when there are alterations of trabecular bone, meaning loss of trabecular connectivity and increase in porosity (35) . The complexity of trabecular bone microarchitecture, expressed by the mean value of the fractal dimension, was higher in cases of fracture compared with control cases (36) .
Another important parameter is the lacunarity, which measures the gap or lacuna distribution, meaning higher the lacunarity, bigger will be the variation of pixels distribution within an image. High lacunarity means that pixels are grouped in a wide variety of sizes of islands, surrounded by a widely variant emptiness, indicating heterogeneity of spatial pattern or texture (31) . Lacunarity plots characterize the spatial organization of an image, including the average size of any structural sub-unit(s) within the image, making them potentially useful in representing the trabecular thinning and perforation of vertebral trabecular bone associated with osteoporosis (37) . In dentistry, the lacunarity measurements should be employed attempting to understand the heterogeneity of bone channels network in cortical bone and to evaluate the homogeneity in the trabeculae distribution in cancellous bone. Lacunarity decreases with the increase of regularity of gaps distribution (38) . This parameter can be measured in both threshold and non-threshold methods, using free download software's. The use of non-threshold images (original acquisition images), without binarization, could overcome some problems like low resolution, once the measurement works with the distribution of gray-level pixels in the image.
Results of µCT Evaluation: Interpretation and Significance
Morphometry and Mineral Density Measurements: Clinical Significance
Morphometry, an important parameter extracted by µCT analysis, is related to the measurement of bone architecture. Data obtained for analysis of the different conditions of bone integrity, reflects on the biomechanics behavior of this connective tissue. Using µCT, the assessment of the spatial organization of bone structure and their mineral composition is possible to identify alterations caused by diseases or physiological adaptation, with important clinical significance.
Data extracted from µCT datasets make possible to explore the bone architecture in its macro and microscale.
When the bone quality is compromised, alterations in trabecular bone are evidenced. Trabecular bone volume, trabecular thickness and trabecular number are significantly decreased in osteoporosis (39) and in osteoarthritis (40) . Bone trabeculae decreases in aging due to constant osteoblastic depression, and this usually leads to a progressive conversion of the trabeculae format from plates into rods (6) . In relation to cortical bone, cortical thickness and porosity are the parameters that are directly related to bone strength, so being crucial concerning the clinical significance when analyzing the bone in diseases or distinct conditions. Cortical porosity is increased in several diseases, with increased osteoclast resorption activity. Cortical bone porosity is responsive to disease, therapy, and metabolic alterations, with the pore structure intimately related to biomechanical properties, for example, with the pores becoming increasingly interconnected and convoluted as age progresses (2) . This cortical bone loss is one of the major responsible for the reduction in strength. The porosity is increased in diseases like diabetes (41), chronic kidney disease (42) , osteoporosis (39) , rheumatologic diseases and others, which present high risk of fractures. All these conditions have clinical relevance, and studies conducted in human or animal studies should apply techniques that are able to evaluate the bone quality, such as the µCT.
Animal Studies: Bone Repair, Modeling, and Remodeling
The majority of studies concerning bone repair are concentrated in the application of synthetic bone substitutes, biomimetic molecular agents, physical stimulation, systemic or local conditions known to have deleterious effects on bone, or a combination of them (43, 44) . The evaluation of the bone repair process in conditions that affects bone turnover and metabolism, may be compromised by external causes and systemic conditions, can be investigated by using µCT. Experimental studies in rats revealed alterations in bone healing, for example due to radiotherapy, which affects the bone repair (12) . For evaluation of dental implants osseointegration process, the µCT associated with animal model also is commonly used, and allows the assessment of the new bone formation process around the implant. Nevertheless, some of these studies were focused on histomorphometric findings and have some limitations, one of them related to the 2D evaluation of a few slides. By using µCT, the advantage could be the 3D evaluation by assessing the whole bone repair process, including the whole microstructure of the new bone formation.
The bone healing cascade follows a process of: an early phase that enables temporarily fracture stabilization and further endochondral bone formation, characterized by the recruitment of mesenchymal cells and successive chondrogenesis resulting in a soft callus formation. The second stage is distinguished by deposition of the collagen and subsequent mineralization resulting in a woven bone formation and the last stage is characterized by the bone remodeling which restores the original bone structure and strength (44) . Irrespective of the study question, using µCT by means of the whole 3D volume representative of the bone repair region, it is possible to achieve answers which provide insights into how the bone neoformation and healing took place (Fig. 4) .
In the evaluation of new bone formation, when using µCT analysis, the bone volume (BV) is the most important assessed parameter. It means the new bone amount within the region of interest, represented by the lesion filled with bone, or the callus on fracture healing, or even the new bone surrounding implants. The same parameters for the trabecular bone can be evaluated. The characterization of the new bone trabeculae formation, and in the late phase, new formed cortices also can be evaluated by the parameters described previously (Fig. 4) . Additionally, the parameters related to bone composition can be measured and differentiate the new bone, like bone mineral density (BMD) measure as the volumetric density of calcium hydroxyapatite (CaHA) in terms of g.cm-3. By µCT of fracture healing, using different ranges of voxel brightness (thresholds) to identify mineralized tissue of different densities, with values in a range for less dense new bone and calcified cartilage, another range for very dense cortical bone and other range for non-mineralized tissue (45) .
Final Recommendations
The use of µCT for bone tissue evaluation should be extensive and thorough, taking into consideration the maximum possible tissue extension through the whole tridimensional reconstruction of the sample.
The bone samples should be prepared and maintained in an adequate medium before and during the scanning. If histological processing will follow the scan, the correct fixation of the material should be made (with alcohol or paraformaldehyde, according to the next steps of the sample processing). Although, if is the case to perform mechanical tests, the storage should take place in adequate frozen conditions.
Small and standardized bone samples will provide better scanning conditions, with influence on the final results regarding the possibility to scan with better resolution in this condition.
With regards to image acquisition, the resolution should be able to give accurate results concerning the structures to be evaluated. In cortical bone, the better resolution should allow the identification and measurement of the bone channels, even the smaller ones. In cases that is necessary to assess the osteocytes lacunae, high-resolution around 1 µm can be defined, but the longer scan time and a small analyzed area should be considered.
Trabecular bone should be evaluated in order to allow the correct identification of the trabeculae, with the resolution choice considering the average of the trabeculae thickness. The same patterns for the trabeculae bone should be considered for bone repair, with the new bone formation at the initial stages presenting a trabecular-like arrangement.
Other parameters during image acquisition should also be carefully defined, as the use of filters (aluminum, copper), the equipment potential and the correct location of the region that should be scanned.
Regarding to the reconstruction process, care should be taken with the correct delimitation of the region of interest, also, with the parameters such as the beam hardening correction, the smoothing and the ring artifact correction.
By the analysis of the bone parameters, the structural analysis should be able to compare different groups or conditions, following the same conditions in order to avoid bias (use of different thresholds for cortices and trabecular bone, but the same thresholds for the comparisons among the different groups). At the cortex, it should be possible to identify if one bone is more porous than the other, or if the bonne channels morphology or spatial distribution are altered in a specific condition. Within the trabecular bone, the number, thickness, size and shape of the trabeculae, together with their connectivity, should be possible to be analyzed and differentiate conditions with better or worst features related to an ideal bone quality and strength (Fig. 5) .
Concerning the bone material composition, the mineral density could be evaluated and aid to differentiate health and disease condition, by means of higher or lower X-ray absorbance of the scanned bone. In this analysis, careful should be taken related to the use of a calibrated µCT, by the use of phantoms of known amounts of hydroxyapatite.
Attention on the use of right nomenclatures should be taken by using guidelines and following the correct information on operator manuals of the different µCT systems.
Studies should describe all the parameters related to scanning, reconstruction, and analysis, in order to allow comparison and discussion with other studies.
Micro CT bone evaluation within dentistry has unlimited applications, including: evaluation of diseases and conditions affecting bone metabolism and structure; analysis of repair and regenerating procedures; evaluation of new therapies and surgical interventions; evaluation of the effectiveness and use of biomaterials; and more. When it is possible to analyze human jaw samples, the evaluation by this high-resolution method enables to acquire several information, both on cortices and cancellous structure and composition (Fig. 6) . Both type of studies, in experimental animal conditions or human samples are able to be investigated by the use of the µCT. Utilizing high-resolution imaging technique will allow characterization and changes in the bone tissue at the microarchitectural level.
Resumo
A microtomografia computadorizada segue o mesmo princípio da tomografia computadorizada utilizada para avaliação dos pacientes, mas neste caso, é empregada para pequenas amostras com alta resolução. De forma não destrutiva, as amostras podem ser escaneadas, e cada fatia obtida é organizada de forma seriada para formar um volume tridimensional (3D). Para análise óssea, é possível obter informações de microarquitetura e composição mineral, permitindo avaliação distinta entre diferentes sítios. De acordo com as características de cada amostra óssea, como amostras de humanos, animais, ossos longos ou achatados, epífise ou diáfise, etc, devem ser definidos os parâmetros pré-escaneamento com a resolução desejada, levando em consideração quais informações serão extraídas da avaliação. Depois do escaneamento e da reconstrução, deve-se proceder com a seleção da região de interesse (ROI), e depois seguir com o processo de binarização, que se caracteriza pela escolha de um limiar que define os voxels que compõem a região de osso e àqueles que compõem a região dos buracos (canais, áreas de reabsorção e espaço medular). No osso trabecular e no reparo os parâmetros avaliados se baseiam nas características das trabéculas e sua conectividade. No osso cortical os parâmetros estão relacionados com a espessura e porosidade. Além dos parâmetros de microarquitetura, também é possível avaliar a densidade mineral óssea, calculada por volume de hidroxiapatita. Outros parâmetros também podem ser mensurados, utilizando técnicas computacionais como a análise de textura. Parâmetros intrínsecos e extrínsecos da qualidade óssea podem ser avaliados pela microtomografia computadorizada. Na odontologia, este método pode ser empregado em estudos que objetivem avaliar doenças, alterações metabólicas e medicamentos com repercussão no metabolismo ósseo, e na avaliação do processo de reparo e de técnicas cirúrgicas.
